EWS ± WT1 is a chimeric transcription factor resulting from fusion of the N-terminal domain of the Ewing sarcoma gene EWS to the three C-terminal zinc ®ngers of the Wilms tumor suppressor WT1. This translocation underlies desmoplastic small round cell tumor (DSRCT), which is noted for the abundance of reactive stroma surrounding islets of tumor cells, suggestive of paracrine signals contributing to tumor cell proliferation. Hybridization to high-density oligonucleotide microarrays can be used to identify targets of EWS ± WT1. Expression of EWS ± WT1 from a tetracycline-regulated promoter leads to the induction of growth-associated genes, of which the most remarkable is the beta-chain of the interleukin-2/15 receptor (IL-2/15Rb). Potent transcriptional activation by the chimeric protein maps to two bindings sites within the IL-2/15Rb promoter. Analysis of primary DSRCT tumor specimens demonstrates high levels of IL-2/15Rb within the tumor cells, along with expression of IL-2 and IL-15 by the abundant hyperplastic endothelial cells within the reactive stroma. Activation of this cytokine signaling pathway is consistent with the nuclear localization of its downstream eectors, phosphorylated STAT3 and STAT5. These observations suggest that the transcriptional induction of a cytokine receptor by a tumor-associated translocation product enables a proliferative response of epithelial cancer cells to ligands secreted by the surrounding stroma.
EWS ± WT1 is a chimeric transcription factor resulting from fusion of the N-terminal domain of the Ewing sarcoma gene EWS to the three C-terminal zinc ®ngers of the Wilms tumor suppressor WT1. This translocation underlies desmoplastic small round cell tumor (DSRCT), which is noted for the abundance of reactive stroma surrounding islets of tumor cells, suggestive of paracrine signals contributing to tumor cell proliferation. Hybridization to high-density oligonucleotide microarrays can be used to identify targets of EWS ± WT1. Expression of EWS ± WT1 from a tetracycline-regulated promoter leads to the induction of growth-associated genes, of which the most remarkable is the beta-chain of the interleukin-2/15 receptor (IL-2/15Rb). Potent transcriptional activation by the chimeric protein maps to two bindings sites within the IL-2/15Rb promoter. Analysis of primary DSRCT tumor specimens demonstrates high levels of IL-2/15Rb within the tumor cells, along with expression of IL-2 and IL-15 by the abundant hyperplastic endothelial cells within the reactive stroma. Activation of this cytokine signaling pathway is consistent with the nuclear localization of its downstream eectors, phosphorylated STAT3 and STAT5. These observations suggest that the transcriptional induction of a cytokine receptor by a tumor-associated translocation product enables a proliferative response of epithelial cancer cells to ligands secreted by the surrounding stroma.
Introduction
Chromosomal translocations resulting in the generation of novel chimeric proteins underlie speci®c cancers, where they appear to constitute the initial genetic event triggering malignant transformation (Rabbitts, 1994) . The family of primitive tumors de®ned by translocations involving the EWS gene is remarkable for the speci®city with which dierent translocation partners are correlated with distinct tumor types (de Alava and Gerald, 2000) . EWS encodes a putative RNA binding protein of unknown function, with an N-terminal domain (NTD) that mediates potent transcriptional activation when fused to heterologous DNA binding domains (May et al., 1993) , presumably activating a limited number of target genes that are sucient to trigger malignant proliferation. In the prototype tumor, Ewing sarcoma, manic fringe and the transforming growth factor-b type II receptor have been proposed as targets of EWS ± FLI1 (May et al., 1997; Hahm et al., 1999) , but a comprehensive screen using expression pro®ling has not been reported.
Desmoplastic small round cell tumor (DSRCT) is a highly aggressive primitive tumor arising from the serosal surfaces of the abdominal peritoneum and primarily aecting young males (Gerald et al., 1991) . It is characterized histologically by solid nests of small neoplastic cells expressing epithelial, muscle, and neural markers, surrounded by a dense reactive stroma, consisting of ®broblasts and hyperplastic blood vessels (hence the description of the tumor as`desmoplastic'). DSRCT may thus represent an extreme example of the paracrine interactions between tumor and stromal cells that are thought to play an important role in the genesis of epithelial cancers (Wernert, 1997) . All cases of DSRCT analysed to date carry a t(11;22)(p13;q12) chromosomal translocation fusing the NTD of EWS to zinc ®ngers 2 ± 4 of the Wilms tumor suppressor, WT1 (Figure 1a ; Ladanyi and Gerald, 1994; Gerald et al., 1995) . WT1 was initially identi®ed based on its inactivation in the pediatric kidney cancer Wilms tumor (Lee and Haber, 2001) . Its essential role in normal dierentiation of the kidney, gonads, and mesothelial structures has been de®ned in WT1-null mice (Kreidberg et al., 1993) . A gain-of-function phenotype for EWS ± WT1 is suggested by its coexpression with wild-type WT1 in primary DSRCT specimens and by the transformed properties of NIH3T3 cells expressing the chimeric product (Ladanyi and Gerald, 1994; Kim et al., 1998b) .
Initial studies suggested that EWS ± WT1 might encode a transcriptional activator of target promoters normally repressed by the wild-type WT1 product (Ladanyi and Gerald, 1994; Karnieli et al., 1996) . However, more recent studies have indicated that WT1 itself may function as a transcriptional activator, and that endogenous target genes regulated by these two proteins are likely to dier (Reddy and Licht, 1996; Lee et al., 1999; Mayo et al., 1999) . The EWS ± WT1 chimera invariably loses the ®rst of the four zinc ®ngers of WT1, suggesting that an altered DNA binding domain may be essential for cellular transformation in DSRCT. In addition, the distinct transactivation domain conferred by the NTD of EWS is likely to lead to interactions with other components of the transcriptional apparatus that may be recruited to target promoters, thereby contributing to dierent targets for these related transcription factors (Bertolotti et al., 1998; Petermann et al., 1998) . We have previously demonstrated that the platelet-derived growth factor-A (PDGFA) gene, encoding a potent chemoattractant for ®broblasts and endothelial cells, is directly induced by EWS ± WT1, but not by the wildtype WT1 product (Lee et al., 1997) . To perform an unbiased search for potential physiological targets of EWS ± WT1, we screened high-density oligonucleotide microarrays for cellular transcripts whose levels were altered following induction of this chimeric product. We report here that the IL-2/15Rb gene is a direct transcriptional target of EWS ± WT1, and that its aberrant expression in tumor cells of DSRCT is correlated with activation of the downstream transcription factors STAT3 and STAT5. IL-2 and IL-15, both ligands of the IL-2/15Rb-chain, are produced by endothelial cells within the reactive stroma in DSRCT. These observations suggest that IL-2/15 receptor signaling may contribute to the tumor-stromal interactions that are characteristic of DSRCT, and suggest implications for the role of this cytokine-dependent proliferation pathway in other cancers.
Results

Induction of IL-2/15Rb by EWS ± WT1
To identify endogenous transcripts induced by EWS ± WT1, we used U2OS osteosarcoma cells in which expression of the chimera is driven by a tetracyclinerepressible promoter (Lee et al., 1997) . These cells express the (7KTS) isoform of EWS ± WT1, which mediates potent transcriptional activation in promoter ± reporter assays. This is in contrast to the alternative splice form with three additional amino acids (lysine ± threonine ± serine or KTS) between zinc ®ngers 3 and 4 of WT1 that abrogates DNA binding and transcriptional activation of known reporter constructs (Rauscher et al., 1990) . Poly(A) + RNA was isolated from subcon¯uent cells grown either in the presence of tetracycline or for 12 h following drug and putative RNA binding domains of EWS. KTS refers to an alternative splice that encodes three amino acids (lysine, threonine, and serine) inserted between zinc ®ngers 3 and 4 of WT1. (b) Northern blot of U2OS cells with tetracyclinerepressible expression of EWS ± WT1(7KTS), WT1(7KTS), WT1(+KTS), or vector, following growth in the presence or absence (11 h) of tetracycline. Blot was probed IL-2/15Rb, WT1 (recognizing both wild-type WT1 and the EWS ± WT1 chimera), and GAPDH (loading control). (c) Northern blot of Wilms tumor Ewing sarcoma (lanes 1 and 2), and DSRCT (lanes 3 and 4) primary specimens. Variability in EWS ± WT1 hybridization signal re¯ects both the relative tumor and stromal composition of the DSRCT specimens, as well as RNA integrity (GAPDH) withdrawal, and used to interrogate oligonucleotide arrays representing 6800 known genes and expressed sequence tags (ESTs) (Lockhart et al., 1996) . Of 16 known genes demonstrating greater than twofold induction by microarray analysis, ®ve were con®rmed to be induced by Northern blotting (Table 1) . Tenfold induction was observed for IL-2/15Rb, the cytokine receptor chain shared by the heterotrimeric receptors for IL-2 and IL-15 ( Figure 1b) and for PDGFA, a previously identi®ed EWS ± WT1 target gene (Lee et al., 1997) . Lower level induction was observed for adrenomedullin, encoding a vasoactive peptide with postulated autocrine growth properties in cancerderived cell lines (Miller et al., 1996) , and the ®broblast growth factor receptor 4 gene. Of note, amphiregulin, the predominant target identi®ed using microarrays for wild-type WT1(-KTS) was only moderately induced by EWS ± WT1(-KTS). Consistent with the distinct endogenous targets recognized by these related transcription factors, IL-2/15Rb mRNA was not induced following expression of wild-type WT1(-KTS) (Figure 1b ). In addition, cells with inducible expression of the alternative isoform EWS ± WT1(+KTS) did not demonstrate induction of IL-2/ 15Rb, con®rming that this eect is dependent upon an intact DNA binding domain (data not shown). Given the magnitude of the IL-2/15Rb induction by EWS ± WT1(-KTS) and the potential biological signi®cance of this target gene, we searched for evidence of its expression in primary DSRCT tumor specimens.
Expression of IL-2/15Rb in DSRCT
We ®rst demonstrated IL-2/15Rb mRNA expression by Northern blotting in DSRCT specimens. Expression of the predicted 4 kb transcript was abundant in these tumors, containing the EWS ± WT1 chimeric transcript ( Figure 1c ). No IL-2/15Rb mRNA expression was detected in examples of Wilms tumors expressing wildtype WT1, or Ewing sarcoma, containing the EWS ± FLI1 chimeric fusion. To con®rm the cell type within DSRCT that expressed IL-2/15Rb, we undertook immunohistochemical analysis of primary tumor specimens. Expression of IL-2/15Rb was observed primarily in the islets of tumor cells within all DSRCT specimens tested (representative staining in Figure 2b ; quantitation and results for multiple tumors in Table 2 ). Rare in®ltrating lymphoid aggregates within the stroma also stained for IL-2/15Rb, but the reactive ®broblasts and endothelial cells that comprise the desmoplastic component of the tumor were negative or weakly reactive. DSRCT tumor cells in all specimens also expressed IL-2/15Rg c , the second receptor chain shared by heterotrimeric receptors for IL-2 and IL-15, and IL2Ra and IL-15Ra, the two chains that confer ligand speci®city (Minami et al., 1993; Giri et al., 1995; Anderson et al., 1995) (Figure 2c ± e; Table 2 ). The presence of these components on the cell surface makes it likely that at least a fraction of IL-2/15Rb associates with the other subunits within a heterotrimeric receptor complex.
Transcriptional activation of the IL-2/15Rb promoter by EWS ± WT1
The strong induction of the IL-2/15Rb transcript following inducible expression of EWS ± WT1(7KTS) suggested that this cytokine receptor chain may be a direct transcriptional target of the chimera. During lymphocyte activation, induction of IL-2Ra or IL15Ra is thought to be the primary regulated component of the IL-2 or IL-15 receptor complexes, although induction of b-chain expression is also noted following antigen stimulation (Minami et al., 1993; Waldmann and Tagaya, 1999; Fehniger and Caligiuri, 2001 ). The IL-2/15Rb promoter contains three positive regulatory regions, consisting of phorbol myristate acetate (PMA)-inducible enhancer-like regions, and binding sites for known transcription factors, including the Ets family proteins Ets-1 and GA-binding protein (GABP), Sp1, and early growth response protein 1 (EGR1) (Figure 3a ) (Lin et al., 1993; Lin and Leonard, 1997) . Insertion of the full-length promoter fragment (nucleotides 7393 to +44) into the promoterless luciferase reporter plasmid pGL3, led to an average 20-fold activation following cotransfection with cytomegalovirus (CMV) promoter-driven EWS ± WT1(7KTS), into NIH3T3 cells (Figure 3b ). Minimal activation was observed following cotransfection with wild-type WT1(7KTS) (1.5-fold) or EWS ± WT1(+KTS) (3.6-fold).
Electrophoretic mobility shift assays (EMSA) were used to de®ne the speci®c DNA recognition site for EWS ± WT1(-KTS), using overlapping, radiolabeled double-stranded probes spanning the IL-2/15Rb promoter fragment, and the bacterially-synthesized DNA binding domain of the chimera (zinc ®ngers 2 ± 4). Two binding sites were identi®ed: the ®rst between nucleotides 7300 and 7271 (E-WRE1) and the second between nucleotides 7169 and 7140 (E-WRE2) (Figure 3c ). The relative intensity of the shifted complexes suggests that the zinc ®nger domain binds site E-WRE1 with higher anity in vitro than it does E-WRE2. As expected, binding to both probes was abrogated by insertion of the alternatively spliced KTS sequence between zinc ®ngers 3 and 4 (Figure 3d ). Of note, the wild-type WT1(7KTS) binding domain (zinc ®ngers 1 ± 4) bound to E-WRE1, but only weakly to fragment E-WRE2 (Figure 3c ). In vitro, WT1(7KTS) is known to bind to both GC-rich and TC-rich repeats, but a high anity site identi®ed using a PCR-based selection assay, WTE: 5'-GCGTGGGAGT-3', is closely related to that present in the promoter of the WT1-target gene amphiregulin Nakagama et al., 1995) . The ®rst zinc ®nger of WT1 (which is lacking in EWS ± WT1) is thought to bind the most 3' nucleotide of this 10-nucleotide sequence, with each of the remaining zinc ®ngers binding to three nucleotides in a 3' to 5' orientation. Competition experiments using unlabeled WTE were used to show the speci®city of EWS ± WT1(7KTS) binding to both E-WRE1 and E-WRE2 ( Figure 3d ). We therefore sought to de®ne the EWS ± WT1(7KTS) binding sequences within these two responsive sites of the IL-2/15Rb promoter. Inspection of the E-WRE1 and E-WRE2 sequences identi®ed one potential binding site in each promoter fragment that matched the WTE sequence. Extensive mutagenesis of these and¯anking nucleotides was used to identify the precise EWS ± WT1(7KTS) recognition site. A 9-nucleotide sequence within E-WRE1, 5'-GCGTGGGGG-3' (nucleotides 7290 to 7282), was Comparison of these two sequences with the WT1(7KTS) recognition motif WTE showed the E-WRE1 element to dier in only one position (G 8 ), while the E-WRE2 element diers at four positions (C 1 , G 2 , C 3 , and G 8 ) (Figure 4b ). Both sites are located within the previously identi®ed enhancer-like regions, with the E-WRE2 site overlapping the Sp1 and EGR1 binding sites. Abrogation of binding by the zinc ®nger domain was achieved by substituting both G 3 and G 5 to T within E-WRE1, and by replacing C 1 , C 3 , and G 5 with T within E-WRE2 (Figure 4c ). These disrupted DNA binding sites were introduced, either alone or in combination, into the full-length IL2-15Rb promoter reporter (Figure 4d ). Cotransfection of these reporters along with CMV-driven EWS ± WT1(7KTS) into NIH3T3 cells demonstrated that both E-WRE1 and E-WRE2 contribute to activation of the promoter by the chimera (Figure 4e ). Disruption of binding to E-WRE1 reduced EWS ± WT1(7KTS)-mediated activation of the IL-2/15Rb promoter by twofold. Disruption of binding to E-WRE2 decreased EWS ± WT1-dependent transactivation to minimal levels, comparable to those present when both E-WRE1 and E-WRE2 are mutated. Based on these results and the mutational analysis described above, we propose an EWS ± WT1(7KTS) binding consensus sequence: 5'-(G/ C)(C/G)(G/C)TGGGGG-3'.
Evidence for IL-2/15 receptor signaling in DSRCT
The direct induction of IL-2/15Rb mRNA expression by EWS ± WT1 suggests that this cytokine signaling pathway may contribute to tumorigenesis in DSRCT. Together with the other receptor components that appear to be expressed constitutively in DSRCT, IL-2/ 15Rb forms high anity receptors for both IL-2 and IL-15. We therefore analysed primary DSRCT specimens for expression of these ligands by immunohistochemistry. Eleven of 14 tumor specimens demonstrated expression of IL-2 within reactive stromal cells, especially the perithelial and endothelial cells of blood vessels (representative staining in Figure  5a ,b; quantitation and results for multiple tumors in Table 2 ). IL-2 expression was not detectable within DSRCT tumor cells themselves. High levels were clearly evident within lymphoid aggregates present in some tumor samples, serving as an internal control. IL-15, unlike IL-2, is known to be expressed at low levels in multiple epithelial tissues (Grabstein et al., 1994) , raising the possibility that it may be the primary contributor to signaling through IL-2/15Rb in DSRCT. Indeed, IL-15 was abundantly expressed in vascular cells of the stroma in nearly all specimens tested ( Figure 5c ; Table 2 ). Thus, immunohistochemical studies of primary DSRCT specimens suggest that both IL-2 and IL-15 are secreted by reactive stromal cells in DSRCT, potentially inducing a proliferative signal through elements of the IL-2 and IL-15 receptors expressed within the adjacent primary tumor cells.
The signaling pathways activated by the IL-2 and IL-15 receptor have been de®ned primarily in T lymphocytes, where ligand binding triggers receptor dimerization, cross-phosphorylation of the Janus kinases Jak1 and Jak3 (bound to the b-and g c -chains, respectively), and the phosphorylation and nuclear translocation of the STAT3 and STAT5 transcription factors (Taniguchi, 1995; Fehniger and Caligiuri, 2001 ). Nuclear localization of phosphorylated STAT3 and STAT5 is therefore indicative of activation of this cytokine signaling pathway. Primary DSRCT specimens were stained for Jak1, Jak3, STAT5, and STAT3, all of which were abundantly expressed within tumor cells (Figure 6a ± c,e; Table 2 ). Remarkably, staining Figure 6d ; Table 2 ). Similar observations were made using antibody against phosphorylated tyrosine 705 in STAT3 ( Figure 6f ; Table 2 ). These observations are consistent with activation of cytokine-dependent signaling within primary tumor cells of DSRCT.
Discussion
The identi®cation of target genes activated by EWS ± WT1 in DSRCT is essential to understanding the initiation of tumorigenesis by this chimeric transcription factor. Here we have used inducible expression constructs, together with oligonucleotide microarraybased expression pro®le analysis, to identify IL-2/15Rb as a physiological target of EWS ± WT1. The IL-2/ 15Rb promoter is directly regulated by EWS ± WT1(7KTS), and primary DSRCT specimens demonstrate high levels of IL-2/15Rb expression, as well as activation of the downstream Jak/STAT signaling pathway. The secretion of IL-2 and IL-15 by the stroma, surrounding nests of tumor cells, suggests a paracrine interaction between these characteristic components of DSRCT. These observations also provide insight into other cancers reported to express components of this cytokine-dependent proliferation pathway.
Activation of IL-2/15Rb by EWS ± WT1
Studies of proteins encoded by both wild-type WT1 and the EWS ± WT1 chimeric fusion have underscored the poor correlation between promoters containing responsive elements in reporter assays and regulation of native genes by these transcription factors (Reddy and Licht, 1996) . The use of expression pro®ling following inducible expression of these genes allows unbiased screening of a large fraction of cellular transcripts in vivo. Oligonucleotide microarrays appear well suited for this approach, although duplicate experiments and validation using Northern blotting are essential to distinguish the rare genuine target genes from background variation. As demonstrated for IL-2/ 15Rb, identi®cation of an activated target gene using a heterologous cell type can be correlated in vivo with primary tumor specimens. Furthermore, analysis of the target promoter elements required for in vivo activation provides insight into the constraints that may specify physiological target genes. The native IL-2/15Rb transcript is dramatically induced by EWS ± WT1(7KTS), but not by WT1(7KTS), a dierence that may result from their distinct DNA binding speci®city, as well as from protein interactions mediated by the EWS-derived transactivation domain of the chimera. The chimeric DNA binding domain diers from that of WT1 by the absence of one zinc ®nger, which mediates binding to only one essential Probes that span the two regions bound by EWS ± WT1 are designated E-WRE1 (7300 to 7271) and E-WRE2 (7169 to 7140). Free probe, incubated in the absence of protein, is indicated (7). (d) Absence of binding of EWS ± WT1(+KTS) to E-WRE1 and E-WRE2 and competition using unlabeled optimal WTE (300-fold molar excess). All lanes for each probe are derived from the same experiment and are approximated as shown for best comparison nucleotide. In vitro, both DNA binding domains bind to the E-WRE1 element within the IL-2/15Rb promoter, which is closely related to the optimal WT1(7KTS) binding consensus (Nakagama et al., 1995; Kim et al., 1998a) . EWS ± WT1(7KTS) binds with less anity to the more divergent E-WRE2 sequence, and WT1(-KTS) binds extremely weakly to this element. Remarkably, E-WRE2 is critical for EWS ± WT1(7KTS)-mediated transcriptional activation of the IL-2/15Rb promoter, an eect that may result from its context within the IL-2/15Rb promoter, where it overlaps binding sites for Sp1 and EGR1, and is in close proximity to the Ets site. Further studies will be required to determine whether these transcriptional regulators themselves modulate expression of the native IL-2/15Rb gene, and whether they interact in vivo with EWS ± WT1.
Potential roles of IL-2 and IL-15 receptors in DSRCT and in epithelial cancers
The functional consequences of IL-2 and IL-15 receptor activation have been studied extensively in lymphocytes, where signaling is involved in cellular activation and proliferation (Taniguchi, 1995; Fehniger and Caligiuri, 2001 ). In addition, the IL-15 receptor is also expressed in multiple epithelial cell types, and may play a broader role in cellular proliferation in addition Figure 4 Identi®cation of the EWS ± WT1(7KTS) binding sites within the IL-2/15Rb promoter. (a) De®nition of the essential nucleotides for EWS ± WT1(7KTS) binding within E-WRE1 by EMSA, using labeled wild-type E-WRE1 or probes in which each nucleotide within and¯anking the potential binding site has been mutated. The binding site is shown from a 5' to 3' direction; the essential nucleotides for EWS ± WT1(-KTS) binding are numbered from 1 ± 9, and¯anking nucleotides are labeled as either 71 or +1. All non-thymine residues were changed to thymines, and adenine was substituted for thymine residues. Equal amounts of probe and protein were used in all reactions. Probes incubated in the presence (P) or absence (7) of protein, are indicated. All lanes are derived from the same experiment and electrophoresed on parallel gels. (b) Alignment of the EWS ± WT1(7KTS) binding motifs within E-WRE1 (sense) and E-WRE2 (antisense) with WTE, the optimal in vitro binding sequence for WT1(7KTS) (37). Brackets mark the three residues that are presumably bound by the WT1 zinc ®ngers 2, 3 and 4. (c) Absence of EWS ± WT1(7KTS) binding to the substituted mutant E-WRE1 (mE-WRE1; G?T at positions 3 and 5) and to the mutant E-WRE2 (mEWRE2; C?T at position 1 and 3, and G?T at position 5). Equal amounts of protein and probe were used in all reactions, and all panels are derived from a single representative experiment. to its role in immune cell growth and development (Fehniger and Caligiuri, 2001) . IL-2/15Rb, induced by EWS ± WT1(7KTS), contributes to the formation of both receptors, and both private a-chains are detectable in DSRCT tumors, preventing us from distinguishing between the potential roles of these two cytokines in mediating proliferation signals in DSRCT. Expression of IL-2/15Rb has been reported in nonlymphoid cells, including normal human ®broblasts, keratinocytes, and intestinal epithelial cells, as well as cell lines derived from a variety of cancers, such as sarcomas, melanomas, and squamous cell carcinomas (Azzarone et al., 1996) . The ligand-speci®c IL-15Ra-chain is also expressed at signi®cant levels in normal T cells, brain, intestine, heart, lung, muscle, and liver Anderson et al., 1995; Dubois et al., 1999) as well as in leukemias, lymphomas, myelomas, melanomas, and rhabdomyosarcomas (Doucet et al., 1997; Barzegar et al., 1998; De Giovanni et al., 1998; Tinhofer et al., 2000) . The functional consequences of IL-2 and IL-15 receptor expression in non-lymphoid cancers have been dicult to interpret, and appear to depend on both cellular context and cytokine dose (Lin et al., 1995; Suminami et al., 1998; Yamada et al., 1998; DoÈ bbeling et al., 1998; Hjorth-Hansen et al., 1999) . A role for STAT activation in epithelial cancers has also been proposed, based on in vitro transformation assays and in vivo expression patterns, but the underlying mechanism has not been precisely de®ned (Frank, 1999; Bromberg et al., 1999) . In addition, expression of SOCS-1, an inhibitor of the Jak/STAT signaling pathway, suppressed growth of hepatocellular carcinoma (HCC) cell lines, and is aberrantly methylated and inactivated in primary HCC samples, providing another link between constitutive activation of Jak/STAT pathway and tumorigenesis in nonhematopoetic cells (Yoshikawa et al., 2001) . The absence of any DSRCT cell lines prevents direct testing of the IL-2/15 receptor signaling pathway in this tumor. However, our observations that IL-2/15Rb is a direct transcriptional target of the oncogenic EWS ± WT1 chimera, support a role for this cytokine signaling pathway in DSRCT. A potential role for IL-2/15 receptor signaling in DSRCT is consistent with other models of tumorstromal interactions, in which the secretion by stromal cells of growth factors that enhance tumor cell proliferation is thought to play an important role in epithelial cancers. Expression of the matrix metalloproteinase MMP-9 by stromal cells is thought to release growth factors that allow proliferation of transformed keratinocytes (Coussens et al., 2000) . Expression of the chemokine receptors CXCR4 and CXCR7 in breast cancer and malignant melanoma cell lines has been linked to their metastatic potential toward ligand-expressing tissues (MuÈ ller et al., 2001 ). In DSRCT, PDGF-A, the other major transcriptional target of EWS ± WT1(7KTS), is a chemoattractant for ®broblasts and endothelial cells that may contribute to the prominent recruitment of stromal cells in this tumor (Lee et al., 1997) . IL-2/15Rb-dependent signaling may constitute one of the pathways by which stromal cells support the proliferation of DSRCT tumor cells. The discovery of additional EWS ± WT1-induced growth factors may allow the culture of DSRCT tumor cells in vitro and the functional characterization of these proliferation pathways. Thus, by virtue of its de®ned genetic etiology an exaggerated desmoplastic reaction, DSRCT provides a unique model to study the proliferation pathways derived from the interaction between malignant and stromal components of epithelial cancers.
Materials and methods
Inducible EWS ± WT1 expression and hybridization to oligonucleotide microarrays U2OS cells with tetracycline-repressible expression of EWS ± WT1(7KTS), WT1(7KTS), and WT1(+KTS) were maintained in tetracycline (1 mg/ml) as described previously (Lee et al., 1997) . For expression pro®le analysis, tetracycline was withdrawn for 12 h, and poly(A) + -selected RNA was Figure 6 Localization of JAK1, JAK3, STAT5, STAT3 and phosphorylated STAT5 and STAT3 in DSRCT. Immunohistochemical detection of (a) JAK1, (b) JAK3, (c) STAT5, and (e) STAT3 in the neoplastic cells of DSRCT and to a lesser extent in reactive stromal cells. Immunoreactivity for STAT5 and STAT3 was present in both cytoplasm and nuclei. Strong reactivity was detected for the phosphorylated forms of (d) STAT5 and (f) STAT3, limited to nuclei (insets: high power magni®cations of nuclear localization for phosphorylated STAT5 and STAT3) isolated, ampli®ed, labeled, and hybridized to oligonucleotide microarrays as described (Lockhart et al., 1996) . Criteria used for quantitative analysis of array hybridization included a 4twofold change in signal intensity and reproducibility in two experiments, as described previously . Predicted target genes identi®ed by microarray hybridization were con®rmed by Northern blotting. Frozen tumor specimens of DSRCT, Wilms tumor, and Ewing sarcoma were obtained from the Memorial Sloan-Kettering tumor bank.
IL-2/15Rb promoter reporter assays
The IL-2/15Rb promoter sequences were PCR-ampli®ed from genomic DNA and cloned into the promoterless luciferase vector pGL3 (Promega), from which deletion constructs were generated. Missense mutations were introduced by PCR to change the guanines at positions 3 and 5 of E-WRE1 to thymines (mE-WRE1), and the cytosines and guanine at positions 1, 3, and 5 of E-WRE2 to thymines (mE-WRE2). All constructs were veri®ed by sequencing. Constructs encoding full-length EWS ± WT1(7KTS), EWS ± WT1(+KTS), and WT1(7KTS) were cloned into a vector downstream of the CMV promoter (pCDNA3). For luciferase reporter assays, 10 mg of CMVdriven expression constructs or empty vector were cotransfected with 2 mg of the promoter reporter into NIH3T3 cells using calcium phosphate DNA precipitation. Equal amounts of CMVdriven constructs were transfected in each experiment, and cotransfection of 1 mg of a human growth hormone reporter was used to allow standardization for transfection eciency. All experiments were performed in triplicate.
Electrophoretic mobility shift assays
The DNA binding zinc ®nger domains of the EWS ± WT1(7KTS), EWS ± WT1(+KTS) and WT1(7KTS) proteins were cloned into the GST-expression vector pGEX3X (Pharmacia). The isolated zinc ®nger domains were used due to the insolubility of the full-length proteins. GST-proteins were expressed in Escherichia coli strain DH5a and puri®ed with glutathione sepharose 4B beads (Pharmacia). To identify the EWS ± WT1(7KTS) binding site(s), complementary oligonucleotides spanning the responsive fragment of the IL-2/15Rb promoter were annealed, end-labeled and incubated with 100 ng GST-protein in binding buer for 20 min at 48C and electrophoresed as described . For competition experiments, 300-fold molar excess of unlabeled competitor was incubated with 50 ng of GST-protein in binding buer for 20 min at 48C, after which labeled probe was added and allowed to incubate for 20 min at 48C.
Immunohistochemistry
Immunohistochemistry was performed on formalin-®xed, paran-embedded tissue sections using an avidin ± biotin ± peroxidase method as described (Hsu et al., 1981) , with minor modi®cations. Antigen retrieval (Pileri et al., 1997) was achieved by microwave-heating for 5 to 8 min in 0.01 M citric acid buer, pH 6. Sections were counterstained with hematoxylin. For all antibodies, the same panel of 16 DSRCT and seven related tumors (Wilms tumor, Ewing sarcoma, and undierentiated sarcomas) was used, as were control tissues known to be immunoreactive and non-reactive for each antibody. Negative controls substituted normal rabbit serum for the primary antibody. Except where noted, all primary antibodies used were rabbit polyclonal IgG directed against human peptides of the named antigen, and were applied for overnight incubation at 48C. 
